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Abstract 
A core mission of the U.S. Department of Energy’s (DOE) Carbon Sequestration Program is to foster the 
development of commercially-ready technologies for CO2 capture and sequestration.  An R&D program goal of 
90% carbon capture, at an increase in the cost of electricity (COE) no greater than 10% above current state-of-the-
art designs without capture, has been established for electric power generation from next-generation Integrated-
Gasification Combined-Cycle (IGCC) plants.  Advanced gas separation membranes for separating H2 from CO2 are 
one possible technology for achieving these goals.  
For IGCC CO2-capture applications, membranes will need to out-perform existing chemical and physical absorption 
processes.  Gas separation membranes, however, can be integrated into a number of different locations in the IGCC 
process in addition to post water-gas-shift (WGS), the preferred location for current absorption technologies.  Due to 
the many integration options possible, membranes could potentially be required to operate over a wide range of 
conditions.  It is preferred that the membrane operate at pressures and temperatures normally encountered at that 
point in the IGCC flowsheet where it is being placed.  And, clearly it is beneficial that the membrane be placed in a 
location with relatively high pressure in order to maximize separation.  If this is possible, the feed and product gases 
need not be compressed/expanded or heated/cooled.  In addition, membrane materials being considered, whether 
ceramic, metallic or polymeric, have physical and chemical limitations in regards to operating temperature and 
tolerance to various compounds that might be present in synthesis gas.   It is therefore unlikely that one type of 
membrane will be able to perform over the entire range of conditions possible.  In this paper, we identify preferred 
membrane locations and quantify performance requirements for a wide range of membrane materials currently under 
consideration for H2/CO2 separation. 
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1. Introduction 
A number of technical and economic evaluations have been performed on H2/CO2 separation membranes over the 
last ten years.  These include studies performed by Parsons (Klett/Rutkowski, et.al. 2002/03 [1-3]), Mitretek (Gray, 
et.al. 2002/03 [4-6]), and Nexant (Choi, et.al. 2004 [7]) for the U.S. DOE National Energy Technology Laboratory 
(NETL), and by Princeton Environmental Institute (PEI) (Chiesa/Kreutz, et.al. 2005 [8,9]).  The focus of the NETL 
sponsored studies was the production of high-purity hydrogen.  PEI investigated this application as well as the use 
of membranes to capture CO2 from an IGCC power plant.  PEI identified a number of key factors that could 
significantly improve the performance and economics of pre-combustion CO2 capture using gas separation 
membranes.  It is advantageous that the H2 be produced at the gas turbine (GT) inlet pressure to eliminate the need 
for re-compression and that nitrogen, available from the ASU, be used both as a sweep gas for the membrane to 
increase H2 recovery and as a diluent for the GT feed to increase power output.  PEI has also considered the 
sequestration of “dirty” CO2 (CO2 containing H2S) as a low-cost alternative to H2S removal and sulfur recovery. 
The NETL sponsored evaluations estimated the performance of conceptually advanced membrane systems (i.e. so 
called water-gas-shift (WGS) membrane reactors), but did not address the performance of more near-term 
membrane separation technologies.  In all these studies, the question of where in the process flowsheet the 
membrane might best perform its function of separating H2 and CO2 was not considered.  How membrane 
technologies can be coupled with other existing or advanced separation technologies to improve the performance of 
the total system has also not been examined in any detail.     
2. Gas separation membrane placement 
Figure 1 identifies areas where membranes might be effectively integrated into the IGCC process.  Each area has 
potential benefits and drawbacks that must be considered for any proposed CO2 removal technology.  Currently, the 
best available technology is a two-stage physical absorption technology employing the solvent Selexol™.  H2S is 
removed in the first stage and CO2 in the second.  Unlike other gas separation technologies (e.g., absorption and 
adsorption), membranes are compact and modular, and could be placed at more than one location to separate H2
from CO2 and other gas components. 
Process conditions, gas composition, pressure and temperature, are different at the various locations identified in 
Figure 1.  Each location will have its own unique set of advantages and disadvantages in regards to hydrogen 
separation and recovery.  In addition, other technologies under development, such as warm or hot-gas clean-up 
processes (e.g., H2S AGR - acid-gas removal), may impact selection of a H2/CO2 separation technology, and may or 
may not complement the membrane separation.  Intuitively, the operating envelope for any given membrane 
technology should match the conditions where it is being placed in the process.  If this is possible, the feed and 
product gases need not be compressed/expanded or heated/cooled.  These additional operations can only lower the 
overall efficiency and raise the overall cost of an IGCC plant.  Proper placement of a membrane unit in the process 
flowsheet is critical, and it seems unlikely that a single membrane material can perform adequately at all feasible 
locations in the process.  Therefore, the challenge is to take advantage of the unique characteristics of individual 
membrane technologies, while mitigating any shortcomings. 
The four locations identified in Figure 1 are described below.  An earlier paper presented by NETL 
(Ciferno/Marano, 2008 [11]) provides more detailed development of many of these process configurations.  
Post WGS H2 Recovery – This is the current location for H2S and CO2 absorption systems in the IGCC process.  The 
syngas at this point has been cleaned of all impurities that might have harmful effects on membrane materials.  
Current technologies operate at “cold-gas” temperatures that require the syngas leaving the water-gas-shift reactors 
to be cooled prior to entering the absorption process.  Syngas cooling condenses water present in the syngas and 
lowers plant efficiency, since the fuel gas must be reheated prior to firing in the gas turbine and condensation 
decreases the mass flow to the turbine. “Warm-gas” H2S removal systems are being developed to improve 
efficiency; however, they will be ineffective if the syngas must be cooled anyway to remove CO2.
Current two-stage absorption processes produce CO2 at relatively low pressures (3 to 10 bar), maximizing the 
compression required to deliver the CO2 for sequestration.  Gas separation membranes located here would replace 
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the second-stage of the absorption process, and also the first stage, if H2S and CO2 can be co-sequestered.  The CO2
is delivered to the compression train at a high pressure; however, the recovered H2 must be re-compressed unless a 
diluent such as N2 is used as a sweep gas to lower the H2 partial pressure on the permeate side of the membrane.  
The diluent will also increase the mass flow to the gas turbine.  If warm-gas H2S removal is employed, it is desirable 
that the membrane be permeable to H2O to avoid later condensation of this water in the CO2 compression train.  
This integration is shown in Figure 2a.      
Figure 1. Integration of Membrane-Based Gas Separations with IGCC 
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CO2 Compressor Interstage H2 Recovery – Placement of membranes here has the advantage that the high feed gas 
pressures will improve the driving force for H2 transport across the membrane; thus, maximizing H2 recovery or 
minimizing membrane area requirements.  Use of a sweep gas is still advantageous and theoretical H2 recoveries as 
high as 98% are possible [11].  For this option, CO2 compression is minimized, and H2 can be delivered at the 
required service pressure without re-compression.  Though, some H2 will be over compressed as it passes through 
the CO2 compression train prior to recovery.  The process is optimized if multiple membrane units are located prior 
to compression, between stages, and post compression.  As with post WGS H2 recovery, the feed gas to the 
membrane has been cleaned to remove contaminants.  This type of integration is shown in Figure 2b.   
WGS Interstage H2 Recovery – Removing H2 between reactor stages drives the water-gas-shift reaction,               
H2O + CO ' H2 + CO2, toward completion by shifting equilibrium in favour of H2 production.  The membrane must 
be sufficiently impermeable to water for this approach to be advantageous.  Interstage H2 recovery allows the 
catalyst volume to be minimized, and possibly decreases the number of shift reactors required.  It also enables the 
excess steam co-fed to the reactor and the amount of interstage cooling to be reduced, improving the efficiency of 
the process.  Normally, a sulfur-tolerant shift catalyst is employed with H2S removed downstream of the WGS via 
absorption-based, cold-gas AGR.  As mentioned above, warm-gas removal technologies are under development.  A 
membrane integrated here would need to be resistant to sulfur compounds.  Alternatively, hot-gas H2S removal 
could be performed upstream of the WGS.  In this case, iron and cobalt-based shift catalysts would be employed.  
This integration is shown in Figure 2c.   
If the membrane unit is integrated within the syngas cooling step, the homogeneous WGS reaction will occur at 
these elevated temperatures.  This location is the most severe, and any membrane placed here would need to have a 
high tolerance for a wide range of impurities, including particulates, sulfur and nitrogen compounds, and trace 
metals present in the raw syngas leaving the gasifier.  Use of a sweep gas is even more advantageous when coupled 
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with the WGS reaction, since it will enhance H2 removal and improve the WGS equilibrium further in favour of H2
production.  This is shown in Figure 2d.   
Figure 2. Gas Separation Membrane Integrations 
a) After WGS b) Between Compression Stages 
c) Between WGS Stages d) Between Syngas Coolers  
WGS Membrane Reactor – By integrating the membrane separation with the WGS shift reaction, the benefits 
described above can be maximized.  This can be accomplished by packing the retentate flow-space with WGS 
catalyst or by employing a membrane with a surface that is catalytically active for the WGS reaction.  However, this 
presents a very challenging operating environment for the membrane.  In addition to the sulfur tolerance discussed 
above, the membrane would need to be resistant to a number of other compounds, such as methanol, high 
molecular-weight hydrocarbons, and coke (carbon deposition), produced as side-products from the catalyzed WGS 
reaction.  The membrane would also be subject to temperature gradients resulting from the exothermic heat of 
reaction, and some form of internal cooling might be required, complicating the design and fabrication of the 
membrane reactor.  A schematic of a WGS membrane reactor is shown in Figure 3.  
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Figure 3.  Internal Flow Arrangement for  
WGS Membrane Reactor [10] 
Table 1a lists the operating temperatures for the 
locations in the IGCC flowsheet discussed above.  
The low and high ranges given for interstage cooling 
are based on whether the gasifier employs a syngas 
quench or radiant cooler, respectively.  Similarly for 
the WGS, the low range corresponds to conditions 
after the interstage coolers and the high range to the 
outlet temperatures of the reactors.  AGR systems 
under development may operate in a number of 
different temperature regimes.  For interstage 
compression, the low value is after cooling, upstream 
of the next stage of compression, and the high range 
correspond to possible compressor discharge 
temperatures.
Table 1b lists IGCC operating pressures.  The ranges given are indicative of two common modes of gasifier 
operation.  Lower pressures are normally employed in systems using amine-based AGR, while the higher pressures 
are more representative of a system employing Selexol™.  For membrane-based gas separation, the high pressure 
mode is more desirable.  For the CO2 compression inlet, the ranges given correspond to possible pressures exiting 
any upstream H2S/CO2 AGR process.   The compression outlet is at the delivery pressure to the CO2 transport 
pipeline.  The desired permeate pressure is set by the gas turbine design employed in the IGCC topping-cycle.   
364 J.J. Marano, J.P. Ciferino / Energy Procedia 1 (2009) 361–368
Author name / Energy Procedia 00 (2008) 000–000 5
The low range reported in Table 1b 
is typical for power plant 
applications.  It should be kept in 
mind that it is the H2 partial pressure 
difference that is the driving force 
for membrane separation, not the 
total pressure differential across the 
membrane.  However, the total 
differential does have direct bearing 
on membrane structural integrity.  
Approximate molar H2 contents are 
also listed in Table 1b.  
Location
Water Quench / Convective Cooler
Radiant Cooling / Gas Quench
inlet outlet
WGS Reactor - HTS 300 - 350 400 - 500
                    - LTS 200 - 260 240 - 320
Post Cold-Gas AGR
Post Warm-Gas AGR
Post Hot-Gas AGR
Compressor inlet outlet
CO2 Compressor Interstage ~40 65 - 200
WGS - Water-Gas-Shift LTS - Low-Temperature Shift
HTS - High-Temperature Shift AGR - Acid-Gas Removal
> 450
200 - 425
700 - 900
Temperature Range, oC
  40 - 100
interstage syngas cooling
100 - 450
As noted above, the use of a sweep 
gas is desirable; however, this is 
also limited by the operating 
parameters of the gas turbine, and 
availability and pressure of the 
diluent employed.  Advanced 
turbines are being designed for a 
fuel gas with a lower heating value 
of approximately 4.3 kJ/Nl (120 
Btu/scf).  This corresponds to a 
maximum diluent concentration in 
the fuel gas of about 44%.  For other 
gas turbines, the heating value may 
be as high as about 8 kJ/Nl (220 
Btu/scf).   
Table 1.  Preferred Membrane Operating
                Conditions for IGCC Applications 
    a) Temperatures 
Location
low high
Syngas Cooling ~28 (400) ~70 (1,000)
Water Gas Shift p p
Gas Clean-Up ~21 (300) ~45 (650)
cold-gas warm/hot gas
CO2 Compression - Inlet
3.4 - 10
(50-100)
21 - 45
(300-650)
CO2 Compression - Outlet
for power for chemicals for power for chemicals
H2 Permeate
24 - 31
(350-450)
>31
(>450) 44 - 80% > 99%
a Based on gasification of typical Eastern U.S. bituminous coal.
Pressure Range
bar (psia)
gasifier
150 (2,200)
H2 Concentration
    b) Pressure & H2 Concentration 
a
(wet)
16 - 29%
~42%
~54%
-
< 2%
Table 2 qualitatively summarizes conditions affecting membrane selection for the four membrane placements 
discussed above. 
Table 2. Critical Operating Parameters for Membrane/IGCC Integration
High Pressure Gasification
Syngas - before cooling poor hot to very hot
            - after cooling & wash improved warm to hot
Interstage WGS - before cooling hot
                        - after cooling warm
Post Cold-Gas AGR cold
Post Warm-Gas AGR warm
Post Hot-Gas AGR hot
CO2 Post Absorption (cold-gas) clean cold low very low not applicable
Interstage CO2 Comp. - before cooling warm to cold
                                - after cooling cold
*dependent upon how much H2 is removed upstream.
improves separation
(especially as H2 becomes
depleted from retentate)
high low tointermediate
improves separation
promotes homog. WGS
improves separation
promotes cat. WGS
Benefit of Sweep Gas
clean
intermediate
high to
intermediate intermediate
intermediate
to very high
intermediate
very high
to very low*
clean
improves separation
(especially as H2 …)
Location
H2 Partial 
Pressure
improved
System 
Pressure
System 
Temperature
Syngas
Quality
3. Membrane characteristics 
Gas separation membranes can be classified based upon the separation mechanism(s) and materials of fabrication.  
Various separation mechanisms are shown schematically in Figure 4.  The first five mechanisms shown involve 
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porous membranes, such as ceramic, zeolite or carbon-based materials.  Under viscous-flow conditions, the pores 
are so large that no separation occurs.  With smaller pores, separation occurs through Knudsen diffusion in the gas 
phase.  For H2/CO2 separation, the selectivity is only about five for Knudsen Diffusion.  This is too low to be of 
practical application in commercial applications.  At even smaller pore diameters, separation occurs based on the 
size of the gas molecules, through a molecular sieving effect.  The ratio of CO2/H2 kinetic diameters is surprisingly 
small, only about 1.15.  Again, this is too low to be of practical use industrially; though research efforts continue on 
tuning nanoporous materials for H2/CO2 separation.  However, porous ceramic and metallic materials have found 
applications as support materials for other dense membrane materials 
Figure 4. Mechanisms for Membrane-Based Gas Separations
A B
a b
Surface Adsorption 
 Viscous Knudsen Molecular with Surface with Solution
 Flow Diffusion Sieve Diffusion Diffusion 
Separation based on:
 None Molecular Weights Kinetic Diameter Multiple Solubility 
   Phenomena & Diffusion 
Pore Diameter, dP :
dP > ~0.1 ȝm  5-10 Å < dP < ~0.1 ȝm kin.dia.< dP < 5-10 Å kin.dia.< dP < ~0.1 ȝm
If one of the gas molecules of interest is preferentially adsorbed on the pore surface, separation can be either 
strongly affected, either positively or negatively.  This case is labelled ‘Surface Adsorption with Surface Diffusion’ 
in Figure 4.  A number of interesting phenomena can occur within the pore structure of the membrane based upon 
the pore size distribution, relative sizes of the gas molecules, and how strongly one or more components is adsorbed 
on the surface.  In ‘a’ above, the larger molecule B is adsorbed and separation can be influenced by surface diffusion 
along the pore walls.  If molecule B is sufficiently large relative to the pore diameter, as in ‘b’, the pore can become 
plugged and only surface diffusion can occur.  It is also possible for molecule B to sufficiently plug the pores to 
cease the gas-phase transport of B, but still allow room for the passage of molecule A.  Similar phenomena can 
occur if the smaller molecule A is the strongly adsorbed species.  In regards to H2/CO2 separation, it is CO2 which is 
the more condensable of the two gases.  While it is possible to design a gas separation system based upon the 
preferential transport of CO2 through a membrane, this is undesirable in IGCC applications, since the CO2 already 
must be compressed up to pressures much higher than that of the membrane feed gas.     
The mechanism labelled ‘Surface Adsorption with Solution Diffusion’ in Figure 4 occurs in dense membranes, no 
permanent pore structures are found in these materials.  Gas molecules are adsorbed on the surface of the membrane, 
dissolve in the solid, and are transported via diffusion.  As in the case of surface diffusion in porous membranes, 
surface adsorption can strongly affect the performance of the dense membrane if one species should significantly 
cover the surface.  In glassy polymers, diffusion dominates and H2 is preferentially transported.  Conversely, 
adsorption dominates in rubbery polymers where CO2 is preferentially transported.  As discussed above, CO2
transport is undesirable for IGCC applications.  Since molecular diffusion is also related to kinetic diameter, 
conventional polymers are not suitable for industrial H2/CO2 separations. 
Other materials can be used as dense membranes, including certain metals and ceramic materials.  In metals, Pd and 
various other transition elements and alloys, the transport mechanism is more complex.  H2 disassociates on the 
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surface and is transported through the metal as atomic hydrogen.    In dense ceramics composed of rare-earth mixed-
oxides, H2 is ionized to two protons (H+), which are transported through the membrane.  Ionic transport is facilitated 
if the membrane is also an electrical conductor.  This has led to the development of ceramic/metallic composite 
membranes, often referred to as cermets.  Non-porous silica and silica/alumina composite are also being developed 
for gas separations, with transport via the solution diffusion mechanism. 
Table 3 summarizes materials that have been tested in the past or are currently being developed for H2/CO2 gas 
separations.  Dense ceramic, metallic and hybrid membranes can have essentially infinite selectivity for H2, along as 
no structural defects are present.  Whereas, dense polymers and molecular sieves are permeable to all the gases 
listed, and currently the best H2/CO2 selectivities reported are less than 100.  In particular, molecular sieves 
possessing high selectivities cannot be consistently prepared.  Previous analysis by the authors have shown that a 
minimum H2/CO2 selectivity between 30 and 40 is required for applications involving IGCC power plants, in order 
to capture 90% of the CO2 produced [11].   
Table 3. Comparison of Some Potential Membrane Materials 
H2/CO2 Gas Separations 
Dense Polymers
Commercial H2 0.6 - 1.4 2.5 - 7 30 - 100 ~0.1 60 - 200 <110
Advanced - PBI H2 0.01 - 0.3 40 - 58 ~86 ~0.2 - <400
Molecular Sievesa
Ceramic-Based H2 ~3 2 - <30 - - - 150 - 700
Zeolite-Based H2 0.01 - 9 1 - <90 - - 1.5 - 12 150 - 450
Carbon-Based H2 2 - 5 10 - <60 40 - 150 ~0.8 50 - 150 150 - 550
Dense Ceramics
Silica-Based H2 0.1 - 2.8 >1,000 >1,000 >1,000 >1,000 150 - 550
Doped Rare-Earth Oxides H+,e- <0.005 >1,000 >1,000 >1,000 >1,000 600 - 900
Dense Metallic
Palladium H 2 - 5 >1,000 >1,000 >1,000 >1,000 320 - 450
Palladium Alloys H 5 - 15 >1,000 >1,000 >1,000 >1,000 320 - 450
Asymmetric Composites H 3 - 20 >1,000 >1,000 >1,000 >1,000 320 - 450
Hybrids
Ceramic/Nickel H+,e- 0.01 - 0.04 >1,000 >1,000 >1,000 >1,000 600 - 900
Ceramic/Palladium H+,e- & H 0.01 - 8 >1,000 >1,000 >1,000 >1,000 600 - 900
a Feed pressure of 51 bar; permeate pressure zero; temperature is variable.
Material
Temperature
oC
Normalized
H2 Fluxa
Transported Ideal SelectivityH2/CO2 H2/CO H2/H2O H2/N2
Also noteworthy, the relative H2 fluxes reported in Table 3 vary from 0.005 to 20, more than three orders of 
magnitude.   While, this would seem to rule out materials with the lowest fluxes, it should be kept in mind that 
current large-scale gas-separation applications employ almost exclusively polymeric membranes.  A low-cost, low-
permeance membrane may be just as or more attractive than a high-cost, high-permeance membrane as long as the 
membrane meets selectivity requirements.  Polymers are relatively cheap, and can be manufactured into hollow 
fibers and thin sheets, allowing the membranes to be packaged into fiber bundles and spiral-wound sheets exhibiting 
extremely high area-to-volume ratios.  This provides them with a very significant space and cost advantage relative 
to all of the other materials listed in Table 3.  
Based on the operating limitation for the membrane materials listed in Table 3 and the IGCC process temperature 
data reported in Table 1a, it is possible to make some inferences in regards to membrane placement.  This 
comparison is shown graphically in Figure 5.  This figure also identifies current factors limiting the operating 
temperatures of the various materials.  Clearly, all of the membranes described could in principle be used for 
H2/CO2 separation in the IGCC process.  Based on the wide variations in temperature encountered in the IGCC 
process, no single membrane material will be the best choice at all possible locations.  This is unlikely to change.  
Furthermore, most materials will only be optimal over much narrower ranges.   
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Finally, an important parameter which must also be considered is the tolerance of the membrane material to the 
composition of the gas stream being separated.  Hydrogen can cause embrittlement of metallic membranes leading 
to failure.  CO and H2O can also have damaging effects on certain materials.  And as discussed previously, 
depending upon the location of the membrane, the syngas may contain particulates, sulfur and nitrogen compounds, 
and trace metals.  Sulfur poisons the surface of palladium, and research is being conducted to improve the sulfur 
tolerance of palladium-based membranes.  
  Figure 5. Temperature Match for Membrane/ 
IGCC Integration 
4. Conclusions 
Membranes are modular and may be attractively 
integrated into a number of locations in the IGCC 
process.  Since CO2 will need to be further 
compressed to 150 bar, it is desirable to recover 
CO2 at high pressures; therefore, a H2 selective 
membrane is preferred.  By the same token, it is 
also desirable to minimize recompression of the H2
permeate.  Since the required H2 purity of the fuel 
gas may be as low as 44%, a sweep gas preferably 
N2 to minimize cycle efficiency losses, can be used 
both as a fuel-gas diluent and to increase H2
recovery.  Also in order to maximize H2 recovery, 
gas separation membranes should be placed at 
locations with high H2 partial pressures, either high 
total pressures or high H2 concentrations.  Pinch 
analysis could prove quite useful for optimal 
placement of H2/CO2 separation membranes within 
the IGCC process. 
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Desired operating temperature is a key factor in 
screening membrane materials for integration with 
IGCC.  Given the wide range of temperatures, 
more than one type of membrane material will 
most likely be needed.  Counter to current R&D 
trends, low-temperature operation is still desirable 
and may be more achievable through focused R&D 
in the short term.   
High selectivity is a prerequisite for successful process integration, since the required selectivity is directly related to 
the 90% CO2 capture goal.  Low-cost, low-permeance membranes may be more attractive than high-cost, high-
permeance membranes as long as the selectivity requirement is met.  High selectivity is still an issue for many 
H2/CO2 separation membranes under development.  H2 and CO2 molecules are similar in size, and this poses an 
obstacle for the development of molecular sieve and dense polymer membranes.  However, these materials are 
permeable to H2O, and would be ideal for cold-gas integration.  Other, dense ceramic and metallic membranes face 
their own set of challenges related to stability, tolerance to syngas impurities, and their relatively high operating 
temperatures.  Their extremely high selectivities make them ideal for warm/hot gas integration with WGS.   
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